The present study examined the potential to induce spontaneous spawning in cultured barfin flounder using increased temperature as a stimulus; that is, increasing the rearing temperature from 6 to 8-9∞C over 6 h in the morning and reducing it to 6∞C the following morning. In 1997 and 1998, cultured barfin flounder, aged 3 years, were reared under two water temperature regimens. In the brood stock groups reared at fixed temperatures (6 or 8-9∞C) during the spawning season, all females ovulated normally and released eggs into the aquarium; however, almost all eggs were unfertilized. In contrast, in groups reared with periodic stimulation with increased temperature, the number of eggs collected per day was greater than that from groups without stimulation. Furthermore, fertilization was induced frequently throughout the experimental term and the number of fertilized eggs obtained was much greater. Estimation of fertilization time indicated that fertilization occurred largely within 24 h after the stimulation was conducted. Moreover, in 2000, the fertilization rate of fish reared with periodic stimulation was very much higher than that in fish without stimulation. These results demonstrate that performing periodic increased temperature stimulation during the spawning season is effective in accelerating egg release in females and also in inducing fertilization of cultured barfin flounder in rearing conditions. KEY WORDS: barfin flounder, egg release, fertilization, increased temperature, induced spawning, spawning behavior, spontaneous spawning.
INTRODUCTION
Barfin flounder (Verasper moseri) are large flat fish inhabiting cold sea water basins in the northern Pacific off Japan. This species is suitable for aquaculture and resource enhancement in Hokkaido due to its high commercial value and growth rate at low temperatures. 1 Recently, a developmental program for brood stock management of barfin flounder was planned by the Hokkaido government; one of the objectives of the program was to establish a reliable method for seed production in this species.
In fish seed production, it is important to establish a stable and efficient method of obtaining a large quantity of fertilized eggs. When fish were reared in culture from the larval stage, both male and female barfin flounder matured normally, even under these culture conditions. Ordinarily, fertilized eggs for seed production can be obtained by stripping ovulated eggs and sperm from mature fish and conducting artificial fertilization. In recent years, Koya et al. 2 have established an efficient artificial fertilization method based on the ovulation cycle in female barfin flounder. However, egg acquisition in this manner is labor intensive and would cause great stress to the broodstock because of repeated handling. Therefore, in order to obtain a sufficient quantity of good-quality eggs in a more efficient and stable manner, a technique of egg acquisition by induced spontaneous spawning was needed.
Observing spontaneous spawning of barfin flounder under cultivated conditions is exceedingly rare. During the spawning season, females that started ovulation occasionally released eggs into the aquaria. However, spawning behavior between males and females rarely occurred spontaneously and few fertilized eggs from spawning in aquaria have ever been obtained. Recently, Watanabe and Suzuki 3 provided the first report that T Kayaba et al. barfin flounder captured on the Pacific coast of Hokkaido produced a large number of fertilized eggs in large-sized aquaria. However, there has been no report that spontaneous spawning has been induced in cultured barfin flounder. In order to allow mass production of seed on the public work scale, it is essential to establish a method of inducing spontaneous spawning in cultured fish, because it has become extremely difficult to capture wild fish due to the remarkable decline of the natural population in recent years. For many teleost species, it has been established that annual reproductive processes are re-gulated by annual fluctuations of environmental factors, such as water temperature or day length. 4 Some trials for advanced egg acquisition in marine teleosts have been conducted in which water temperature has been manipulated. [5] [6] [7] In the present study, we report that spontaneous spawning of cultured barfin flounder could be induced effectively by stimulation with increased water temperature.
MATERIALS AND METHODS

Fish
Cultured 3-year-old barfin flounder females weighing 1.76-2.43 kg and males weighing 1.25-1.33 kg, which were reared from the larval stage at the Hokkaido Institute of Mariculture, were used in the present study. The 100 fish were kept in two 20 kL tanks supplied with filtered ambient seawater at 5 kL/h. Before the start of the experiments, the flounder were regularly fed defrosted fish and shrimp 4 days/week and commercial dry pellets (Higashimaru Co. Ltd, Japan) 2 days/week.
Experimental rearing conditions in 1997 and 1998
The 1997 experiments involved rearing the brood stocks at fixed temperatures to determine the possibility of inducing spontaneous spawning. Three females and nine males were transferred to each experimental tank (8 kL) on 10 September. The rearing water flowed at 2 kL/h from the upper side of the tanks. Ambient seawater temperature was used through February and then heated water was used to gradually increase the temperature, at rate of 1 or 2∞C over each 5 day period, from 1 March onward. Water temperature was maintained as close as possible to 6∞C in experimental tank No. 1 (97No.1), and as close as possible to 8-9∞C in experimental tank No.2 (97No.2) from 11 March until the end of the experiment.
In contrast, the effect of water temperature fluctuation on spontaneous spawning was examined in the 1998 experiment. Fish were divided among three experimental tanks (98No.1, 98No.2, and 98No.3) on 18 September. As in 1997, each tank contained three females and nine males. The water temperature of all tanks was maintained at 6∞C after 11 March, after which time an increased temperature stimulus was applied periodically. At 10 : 00 h, the rearing temperature was raised rapidly over a 6 h period to 8-9∞C using heated water; water temperature was kept at 8-9∞C from 16 : 00 to 10 : 00 h the following morning. Then, the rearing temperature was reduced to 6∞C over 6 h and maintained at that temperature until the next stimulation. The increased temperature stimulus was initiated on 20 March in tank 98No.1, on 1 April in 98No.2 and on 10 April in 98No.3; the increased water temperature stimulas was repeated at 3 or 4 day intervals over the term of the experiment. However, in order to clarify the relationship between water temperature changes and spawning, the stimuli were not conducted from 14 to 23 April in any tanks.
In this report, 'spawning' is defined as egg release accompanied by insemination, resulting in fertilization. In both 1997 and 1998, the number of eggs collected per day was examined each morning. At 9.00 h, the eggs, which had overflowed from the tanks and collected in fine-meshed nets, were transferred into a 10 L pail filled with seawater. The number of eggs per day was extrapolated from counting the number of eggs in a volume of 1 mL. The number of fertilized eggs was established by determining the percentage observed in cleavage. Fertilization time was estimated by observing the stage of embryonic development of the fertilized eggs collected at 9.00 h.
Spawning by one female and the effect of an increased temperature stimulus on fertilization rate
In 2000, an experiment was performed to investigate the amount and the interval of egg release by one female and to ascertain the effect of the increased temperature stimulus on the fertilization rate. One female and four males were placed in each experimental tank (8 kL) on 19 October and reared under the same water temperature regimen as the experiments conducted in 1997 and 1998 until 11 March. In the control tank, the water temperature was maintained at 6∞C until the end of the experiment, except for a single increased temperature stimulus applied on 26 March. In contrast, in the stimulation tank, the first stimulation was applied on 28 March and was repeated on 6, 12 and 21 April. The number of eggs released and the fertilization rate were determined as described previously.
RESULTS
Spontaneous spawning in 1997 and 1998
Figure 1 and Table 1 3 eggs in 97No.2. Although small quantities of fertilized eggs were observed in 97No.1 on 20 and 27 April, most eggs produced in 1997 were unfertilized. It is of note that, during the days preceding both dates when fertilization was observed in 97No.1, there was a rapid increase in water temperature from 6 to 7.5 or 7.2∞C.
The water temperature profiles and the number of eggs collected from the three experimental tanks in 1998 are shown in Fig. 2 and Table 1 . Water temperature in all tanks was nearly kept at the desired level by following experimental planning; however, starting from May, fluctuations in water temperature occurred frequently and continued until the end of the experiment period. Egg release by the female began on 26 March (98No.1), 27 March (98No.2) and 30 March (98No.3) and continued almost every day until 8 May. In all tanks, days when more than 100 ¥ 10 3 eggs were collected occurred frequently and the number of eggs per day was obviously higher than that in 1997. The females in tanks 98No.1 and 98No.3 released eggs daily, even during the period 14-23 April, when the increased temperature stimulus had been stopped. In contrast, the egg release profile of the female in 98No.2 was well synchronized with the fluctuation of water temperature: the number of eggs collected again increased immediately after stimulation resumed compared with the number collected during the non-stimulation period.
In 1998, the number of days when fertilized eggs were obtained was 10-15 days per tank and the frequency of occurrence of fertilization clearly increased compared with the frequency of fertilization in 1997. The total number of fertilized eggs in each tank was between 140.6 ¥ 10 3 and 287.0 ¥ 10 3 eggs and the highest number of fertilized eggs was obtained in 98No.2 on 10 April, notably, the day following a temperature increase stimulus. Figure 3 shows the relationship between the days after the increased temperature stimulus and the incidence of obtaining fertilized eggs. Although there were a few cases in which fertilized eggs were obtained even before the initiation of the first temperature stimulation in 98No.3, the incidence of obtaining fertilized eggs was highest on the days following temperature stimulations in all tanks.
Spawning by one female and the effect of an increased temperature stimulus on fertilization rate Figure 4 shows the spawning profile and changes of fertilization rate associated with one female. In the control tank, egg release started on 26 March and was observed almost every day thereafter. The first fertilized eggs were found on 27 March the day following a temperature stimulation. Although fertilized eggs were also obtained on 15 and 18 April, while water temperature was being maintained at 6∞C, fertilization rates on both days were extremely low (9.8 and 14.6%, respectively). In contrast, the female in the stimulation tank released eggs regularly at 2-4 day intervals until the end of the experiment. The number of eggs per day increased gradually after the first egg release and reached its peak value (176.3 ¥ 10 3 eggs) on 13 April. Moreover, fertilized eggs could be collected on every spawning day and the incidence of obtaining fertilized eggs was obviously more than that of the control tank. The fertilization rate of the stimulation tank during the experimental period ranged from 17.3 to 94.9% and the average rate per spawning day was significantly higher than the value of the control tank (P < 0.01, t-test). Thus, the fertilization rate on the days following temperature stimulation tended to be comparatively high. Fig. 3 Relationship between the number of days after conducting the increased temperature stimulus and the incidence of obtaining fertilized eggs during the experiments performed in 1998. The asterisk indicates the day after the stimulation was conducted.
DISCUSSION
The present study demonstrates the effect of an increased temperature stimulus on the induction of spontaneous spawning of cultured barfin flounder and investigates an efficient method for obtaining a large quantity of fertilized eggs. During the 1997 experiment, 3-year-old barfin flounder were reared at fixed temperatures of either 6 or 8-9∞C throughout the spawning season. In both temperature regimens, although all females ovulated normally, the number of eggs collected per day was considerably small. Furthermore, there were only 2 days when fertilization occurred throughout the experimental period and fertilized eggs were found infrequently. In many marine teleosts that spawn ordinarily in spring or early summer, such as the yellow tail Seriola quinqueradiat, 8 the Tobinumeri-Doragonet Repomuceus beniteguri, 9 the amberjack Seriola dumerili 10 and the blue fin tuna Thunnus thynnus, 11 it has been reported that enhanced egg release and fertilization could be observed by increasing the rearing temperature up to each species' optimum level and keeping the temperature constant. In contrast with what was found with these species, it appears likely that another, special stimulus is needed to induce spontaneous spawning in barfin flounder.
On both days when fertilization occurred in 1997, a rapid increase in the rearing temperature happened accidentally. This result suggested that the sudden fluctuation of temperature may be a trigger that induces spawning behavior. Therefore, in the experiment in 1998, the effect of an increased temperature stimulus on spontaneous spawning in barfin flounder was examined. As a result of rearing cultured barfin flounder with periodic increased temperature stimulus, the frequency of egg release and the number of eggs collected per day increased considerably. In addition, in 98No.2, a high correlation between changes in water temperature and the egg release profile was observed. These results suggest that egg release by female barfin flounder was closely related to the increased temperature stimulus under the present rearing conditions. Moreover, both the incidence of obtaining fertilized eggs and their total number in 1998 were considerably greater than in 1997. Estimation of fertilization time indicated that fertilization occurred within 24 h after an increased temperature stimulus in all study tanks. Therefore, there is strong support for the conclusion that the periodic increased temperature stimulus not only accelerated egg release by the females, but also effectively induced spawning behavior between males and females. Until now, there has been little information about the environmental factors suitable for inducing spawning behavior in barfin flounder in the wild. The fisheries research on barfin flounder performed on the Pacific coast of Hokkaido from 1965 to 1998 indicates that females with vitellogenic oocytes were caught from December to January mainly at a depth of approximately 300-600 m (M Sasaki, unpubl. data, 1997) and that most fish with matured oocytes or ovulated eggs were caught from April to June at a depth of 5-50 m. 12 On the basis of this information, it is hypothesized that barfin flounder move to a more shallow sea area in the spring for spawning. It is well known that marked fluctuations in water temperature in the shallower areas are monitored each year, especially from May to June (Hokkaido Aquaculture Development Authority, research data, 1990-2001). Considering these environmental factors and the present results, sudden increases in water temperature during the spawning season may be the strong stimulus that induces spawning behavior in barfin flounder. Thus, the periodic stimulus of increased temperature is very likely an effective method of obtaining fertilized eggs from spontaneous spawning.
Unlike other females, the female in 98No.3 released eggs frequently, even under fixed temperature conditions (6∞C) present before initiation of the increased temperature stimulation. It has been concluded that spawning results in other teleosts, including the number of eggs and the spawning term, would depend on brood stock characteristics, such as age, size 13 and nutrition, 14 except for environmental factors. Furthermore, in this species, the spawning potential may vary extensively among individuals. Further investigation of this point is needed in order to more efficiently obtain quantities of fertilized eggs.
In the present study, the increased temperature stimulus was started at 10 : 00 h in all cases. Accordingly, rearing temperature reached the maximum level (8-9∞C) at 16 : 00 h and was maintained at that level until 10 : 00 h the following morning. Watanabe and Suzuki 3 reported that spawning of barfin flounder reared in aquaria tended to occur from 22 : 00 to 04 : 00 h. Therefore, the superior spawning results in 1998 may be due to the effects of raising the rearing temperature towards the time when spawning behavior is prone to occur in barfin flounder. To clarify the effect of the increased temperature stimulation on spawning, the stimulus needs to be applied at times other than those used in the present study.
During the experiment in 2000, the female in the stimulation tank released eggs at regular intervals of 2-4 days, whereas that in the control tank released a small amount of eggs almost each day. It is well known that, in many species of multiple spawning fish, the spawning rhythm is regulated by environmental factors, such as water temperature, 15 photoperiod 16, 17 and lunar phase. 18 Koya et al. 2 demonstrated that the barfin flounder has a regular ovulation rhythm that is 3.5 days, on average, at 6∞C; this was done by measuring the number of eggs artificially pressed out every day. Accordingly, it is believed that the female from the stimulation tank could repeat egg release in synchrony with the ovulation rhythm due to periodic increased temperature stimulus. It would be necessary to reconfirm the effect of increased temperature stimulus on spawning rhythm by repeating this type of examination in the future.
Furthermore, in the stimulation tank, fertilized eggs could be obtained on all egg release days and their fertilization rate was much higher than that of the control tank. Koya et al. 2 also suggest that fertilized eggs are not obtained from natural spawning because of limited spontaneous egg release and the deterioration of egg quality due to the retention of the eggs in the ovarian cavity for long periods. Moreover, we demonstrated in the culture experiment that the residual over-ripening eggs caused a rapid decrease in fertilization rate of newly ovulated eggs. 19 Therefore, to obtain good quality eggs with a high fertilization rate, it is important to accelerate egg release after ovulation. Thus, periodic use of an increased temperature stimulus seems to be useful for preventing the ovulated eggs from over-ripening.
The total number of fertilized eggs produced by one female in the stimulation tank was larger than that of any tank in the 1998 experiments, despite the fact that there were three females per tank in 1998. Watanabe and Suzuki 3 reported that fertilized eggs were obtained from captured wild barfin flounder for 1 month by using low-density culture and suggested that rearing density was an important factor in the spawning of this species. It is possible that normal spawning behavior of barfin flounder is disturbed under high-density rearing conditions. Accordingly, in order to establish a stable harvest of numerous fertilized eggs, it will be necessary to investigate the effect of rearing density on spawning, in addition to studying the timing of the increased water temperature stimulus.
In conclusion, the present study was initiated to induce egg release and fertilization of barfin flounder under rearing circumstances by using an increased temperature stimulus. These results suggest that a large quantity of fertilized eggs can be collected more quickly and efficiently than by artificial fertilization. Future research to determine the optimum time to apply the first increased temper-ature stimulus and the most effective range of water temperature increase is needed to realize a more stable supply of good-quality eggs. Furthermore, in 1993, mass mortality was caused by viral nervous necrosis (VNN) in seed production of this species at the Akkeshi Station of the Japanese SeaFarming Association. 20 The causative agent of VNN was thought to be vertical transmission from spawners to offspring. 21 Therefore, the present method would also be useful in defending against the occurrence of VNN during seed production, because it would eliminate the stress of artificial handling of brood stocks. Moreover, we succeeded in inducing spontaneous spawning in cultured barfin flounder. This knowledge will help solve the problem of a shortage of brood stock essential for producing the mass of seed needed for the public work scale of aquaculture.
